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The approah exposed in the reent paper (A. Shebeko, P. Pa-
pakonstantinou, E. Mavrommatis, Eur. Phys. J. A 27, 143 (2006))
has been applied in studying enter-of-mass motion eets on the
nuleon density and momentum distributions in nulei. We use
and develop the formalism based upon the Cartesian or boson
representation, in whih the oordinate and momentum operators
are expressed through the reation and annihilation operators
for osillator quanta in the three dierent spae diretions. We
are foused upon eets due to the enter-of-mass and short-
range nuleon orrelations embedded in translationally invariant
ground-state wavefuntions. The latter are onstruted in the so-
alled xed enter-of-mass approximation, starting with a Slater
determinant wave funtion modied by some orrelator (e.g., after
Jastrow or Villars). It is shown how one an simplify evaluation
of the orresponding expetation values that determine the dis-
tributions. The analyti expressions derived here involve the own
"Tassie-Barker" fators for eah distribution. As an illustration,
numerial alulations have been arried out for the nuleus
4He
with the Slater determinant to desribe the nuleon (1s)4 on-
guration omposed of single-partile orbitals whih dier from
harmoni osillator ones at small distanes. Suh orbitals simulate
somewhat short-range repulsion between nuleons. Speial atten-
tion is paid to a simultaneous shrinking of the enterofmass
orreted density and momentum distributions ompared to the
purely (1s)4 shell nontranslationally invariant ones.
1. Introdution
Treatment of the enterofmass (CM) motion has been
an attrative subjet of exploration in earlier and more
reent studies of nulear theory (see, e.g., [1℄ [9℄). Those
studies originated from the neessity to remedy a de-
ieny of the nulear many-body wave funtion (WF),
namely its lak of translational invariane (TI) wherev-
er shell-model single-partile (s.p.) WF's are used for
its onstrution. This deieny is important in quite a
number of ases.
In the present investigation we adopt the "xed-CM
approximation" [10, 11℄ as a reipe to restore TI of a
many-body WF whih does not possess this proper-
ty. We apply it when evaluating the elasti form fa-
tor (FF) F (q) and the nuleon momentum distribution
(MD) η(p) for light nulei, and more speially for 4He
in its ground state (g.s.). Following [9℄ we prefer to deal
with the intrinsi quantities whih are determined as ex-
petation values of appropriate (multipliative) opera-
tors that depend on the orresponding Jaobi variables
and at on the intrinsi WF's. We have seen in [9℄ that
the intrinsi density distribution (DD) ρint(r), being de-
ned by the Fourier transform of F (q), does not oinide
with the diagonal part of the one-body density matrix
(1DM), whih is related in a standard manner to the in-
trinsi MD. In the ontext, we also note that the term
"one-body" used here is somewhat onventional. Let us
mention that F (q) and η(p) an be related to the dier-
ent quantities measured via eletronnuleus ollisions,
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respetively, the elasti eletron sattering ross setions
and the inlusive eletron sattering ross setions. First
of all, we mean omparatively simple relations in the
Born approximation with the plane eletron waves. In
addition, to the soalled approximation of small inter-
ation times (see [12℄ [14℄ and refs. therein) the double
dierential (e, e′) reation ross setion beomes propor-
tional to an integral of η(p) over the momentum range
that is xed with ertain ombination (the so-alled y
- saling variable) of the momentum transfer q and the
energy transfer ω (f. [15℄). Of ourse, in the framework
of these approximations one neglets oshell eets in
the eletron sattering on bound nuleons and meson
exhange urrents (MEC) ontributions to an eetive
eletromagneti (e.m.) interation with nulei. The lat-
ter should be taken into aount (see, e.g., refs. [16,17℄)
when desribing the eletron sattering on nulei, espe-
ially at high momentum transfers (in partiular, helping
to remove ertain disrepany between theory and ex-
periment in the viinity of the rst minimum |Fch(q)| at
q2 = 10fm−2 for 4He). Therefore, any omparison with
experimental data omitting suh physial inputs has a
restrited harater. Nevertheless, in ase of light nulei
every approximate evaluation of intrinsi quantities, be-
ing independent of dierent onstraints originated from
reation mehanisms, an be ompared with mirosopi
("exat") results. In the respet, our addressing to the
alpha partile seems to be perfetly expliable.
The aim of this paper is to show to what extent the
approah developed in refs. [9,12,18,19℄ an be useful in
alulations with more realisti WF's than simple har-
moni osillator model (HOM) ones. In this onnetion,
we onsider the CM orretion of F (q) and η(p) treated
on an equal physial footing, viz., by using one and the
same translationally invariant g.s. WF that inorporates
the nuleon-nuleon short-range orrelations (SRC). One
should note that despite muh interest over the last two
deades onerning the MD in nulei [20℄ [26℄, its CM
orretion does not appear to have been properly treat-
ed exept in ertain studies, where harmoni osillator
(HO) wave funtions were used (see, e.g., [12℄). Note al-
so alulations beyond HOM in [27℄. The underlying for-
malism with basi denitions is exposed in the following
setion. Setion 3 ontains analyti results of our deriva-
tions beyond HOM, while the orresponding numerial
results are disussed and ompared with experimental
data in setion 4.
2. The intrinsi form fator, density and
momentum distributions with short-range
orrelations inluded
By denition, the intrinsi (elasti) FF of a nonrelativis-
ti system with the mass number A and the total angular
momentum equal to zero is
F (q) = Fint(q) ≡ 〈Φint | exp[ı~q · (~ˆr1 − ~ˆR)] | Φint〉, (1)
where Φint is the intrinsi WF of the system (nuleus),
~ˆr1 the oordinate operator for nuleon number 1, and
~ˆR = A−1
∑A
i=1 ~ˆri the CM operator.
In the xed-CM approximation, aording to the
Ernst, Shakin and Thaler (EST) presription [11℄ the nu-
lear many-body WF with the total momentum
~P an
be written in the form:
| ΨP 〉 = |~P ) | ΦESTint 〉, (2)
where a round braket is used to represent a vetor in
the spae of the CM oordinate, so that |~P ) means the
eigenstate of total momentum operator
~ˆP . The intrinsi
WF after EST
| ΦESTint 〉 =
(~R = 0 | Φ〉
[〈Φ | ~R = 0)(~R = 0 | Φ〉]1/2
(3)
is onstruted from an arbitrary (in general, translation-
ally non-invariant) WF Φ, by requiring that the CM o-
ordinate
~R be equal to zero. The orresponding FF is
the ratio
FEST (q) =
A(q)
A(0)
,
A(q) = 〈Φ | (2π)3δ( ~ˆR) exp[i~q · (~ˆr1 − ~ˆR)] | Φ〉. (4)
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Using the Cartesian representation in whih
~ˆr =
r0√
2
(~ˆa† + ~ˆa), ~ˆp = ı
p0√
2
(~ˆa† − ~ˆa) (5)
with the Bose ommutation rules,
[aˆi, aˆj ] = 0, [aˆi, aˆ
†
j ] = δij (i, j = 1, 2, 3) (6)
and arbitrary real -numbers r0 and p0 that meet the
ondition
r0p0 = 1, (7)
one an show (see [9℄, [19℄ and Appendix A) that
A(q) = exp
(
− r¯
2
0q
2
4
)
U(q), (8)
U(q) =
∫
d~λ exp
(
−r
2
0λ
2
4A
)
F (~v,~s), (9)
F (~v,~s) = 〈Φ|Oˆ1(~v + ~s )Oˆ2(~v) . . . OˆA(~v)|Φ〉, (10)
where
Oˆγ(~x) = exp(−~x∗~ˆa†γ) exp(~x~ˆaγ) ≡ Eˆ†γ(−~x)Eˆγ(~x) (11)
(γ = 1, . . . , A)
with
~s = ı
r0√
2
~q, ~v = ı
r0√
2A
(~λ− ~q) (12)
and the renormalized "length"parameter
r¯0 =
√
A− 1
A
r0.
Further, starting from the denition of the intrinsi
MD (see [9℄),
η(p) = 〈Φint | δ(~ˆp1 − ~ˆP/A− ~p) | Φint〉, (13)
we onsider the distribution in the xed-CM approxima-
tion:
ηEST (p) =
〈Φ | (2π)3δ( ~ˆR)δ(~ˆp1 − ~ˆP/A− ~p) | Φ〉
〈Φ | (2π)3δ( ~ˆR) | Φ〉
(14)
and the Fourier transform
ηEST (p) = (2π)
−3
∫
exp(−ı~p~x)N(x)/N(0)d~x (15)
with
N(x) = 〈Φ | (2π)3δ(~R) exp[ı(~p1 − ~P/A)~x] | Φ〉. (16)
We see the ertain resemblane between the struture
funtions N(x) and A(q), viz., both are determined by
the expetation values of similar multipliative operators
with one and the same trial WF Φ. Owing to this, using
the same algebrai tehnique we get
N(x) = exp
(
− p¯
2
0x
2
4
)
D(x), (17)
D(x) =
∫
d~λ exp
(
−r
2
0λ
2
4A
)
F (~v ′, ~s ′), (18)
where
~s ′ = − p0√
2
~x, ~v ′ =
ır0√
2A
(~λ − ıp20~x) (19)
and
p¯0 =
√
A− 1
A
p0.
Certain relation of the MD to the orresponding intrinsi
density matrix has been shown in [9℄.
After this let us assume a trial WF,
| Φ〉 =| Φcorr〉 = Cˆ(1, 2, · · · , A) | Det〉 (20)
with the Slater determinant
| Det〉 = 1√
A!
∑
Pˆ∈SA
ǫPPˆ{| φp1(1)〉 · · · | φpA(A)〉}. (21)
Here ǫP is the parity fator for the permutation P , φa the
oupied orbital with the quantum numbers {a} and the
summation runs over all permutations of the symmetri
group SA.
The A-partile operator Cˆ = Cˆ(~ˆrα − ~ˆrβ , ~ˆpα − ~ˆpβ)
1
introdues the SRC and meets all neessary require-
ments of the translational and Galileo invariane, the
1
Of 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permutable and rotational symmetry, et. However, be-
ing translationally invariant itself suh a model intro-
dution of orrelations does not enable to restore the
TI violated with suh a shell-model WF as the Slater
determinant.
What it follows an be used with the Jastrow orre-
lator [28℄
Cˆ =
A∏
α<β
f(~ˆrαβ), (22)
where f(~ˆrαβ) is a two-body orrelation fator whose
deviation from unity ours only for small distanes
rαβ = |~rα − ~rβ | less than a orrelation radius rc.
Another popular option goes bak to the letures by
Villars in [29℄ (see also [30℄) with a unitary operator
Cˆ = exp(−ıGˆ), (23)
Gˆ =
∑
α<β
gˆ(α, β), (24)
where the Hermitian operator gˆ(α, β) ats onto the spae
of the pair (α, β). In partiular, we ould follow the sim-
plest Darmstadt ansatz [31℄:
gˆ(α, β) =
1
2
{~s (~ˆrαβ)~ˆpαβ + ~ˆpαβ~s (~ˆrαβ)}, (25)
where ~s is a funtion of the relative oordinate ~ˆrαβ =
~ˆrα − ~ˆrβ . Its anonially onjugate momentum ~ˆpαβ =
1
2 (~ˆpα − ~ˆpβ).
Keeping in mind similar onstrutions we rewrite ex-
petation (10) as
F (~v,~s) = 〈Φ(−~v) | Eˆ†1(−~s)Eˆ1(~s) | Φ(~v)〉, (26)
where
| Φ(~x)〉 = Eˆ1(~x) . . . EˆA(~x) | Φ〉,
sine Eˆ1(~v + ~s) = Eˆ1(~v)Eˆ1(~s) and [Eˆα(~x), Eˆβ(~y)] = 0
(α, β = 1, . . . , A) for any vetors ~x and ~y.
Moreover, we nd that
Eˆ(~x) ~ˆr Eˆ−1(~x) = ~ˆr +
r0√
2
~x (27)
and
Eˆ(~x)~ˆp Eˆ−1(~x) = ~ˆp− ı p0√
2
~x. (28)
Remind that E† 6= E−1. In other words, Eˆα(~x) is the dis-
plaement operator in the spae of nuleon states with
the label α.
Due to this property when handling the similarity
transformation
Cˆ′ = Eˆ1(~x) . . . EˆA(~x)Cˆ(~ˆrα − ~ˆrβ , ~ˆpα − ~ˆpβ)×
×Eˆ−11 (~x) . . . Eˆ−1A (~x),
we get
Cˆ′ = Cˆ(Eˆα(~x)~ˆrαEˆ−1α (~x)− Eˆβ(~x)~ˆrβEˆ−1β (~x),
Eˆα(~x)~ˆpαEˆ
−1
α (~x)− Eˆβ(~x)~ˆpβEˆ−1β (~x)) =
= Cˆ(~rα − ~rβ , ~pα − ~pβ) = Cˆ
i.e.,
Cˆ′ = Cˆ. (29)
Reall that C is a funtion of all the relative oordinates
and their anonially onjugate momenta.
From eqs. (20) and (29) it follows that
| Φcorr(~x)〉 ≡ Eˆ1(~x) . . . EˆA(~x) | Φcorr〉 =
= Cˆ | Det(~x)〉. (30)
Here | Det(~x)〉 = Eˆ1(~x) . . . EˆA(~x) | Det〉 is a new Slater
determinant omposed of the renormalized orbitals,
| φa(~x;α)〉 = Eˆα(~x) | φa(α)〉 (α = 1, . . . , A), (31)
viz.,
| Det(~x)〉 = 1√
A!
∑
Pˆ∈SA
ǫPPˆ{| φp1(~x; 1)〉 · · · | φpA(~x;A)〉}.
(32)
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In their turn, suh orbitals an be evaluated in a onise
analyti form as initial ones are linear ombinations of
the HOM orbitals (see Appendix A).
Following (26) we arrive to
Fcorr(~v,~s) ≡ 〈Φcorr(−~v) | Eˆ†1(−~s)Eˆ1(~s) | Φcorr(~v)〉 =
= 〈Det(−~v) | Cˆ†Eˆ†1(−~s)Eˆ1(~s)Cˆ | Det(~v)〉. (33)
Expressions (8) and (17) with expetations F (~v,~s) and
F (~v ′, ~s ′), whih are determined by eq. (33), are ertain
base for our alulations.
2.1 Several working formulae: appliation to
4He
In speial ase of the pure HOM (1s)4 onguration o-
upied by the four nuleons in
4He we have
| Φcorr(~x)〉 =| Φcorr〉 = Cˆ | (1s)4〉, (34)
taking into aount that the HOM g.s. | (1s)4〉 is the
vauum for operators ~ˆaα (α = 1,. . . ,A). It is the ase,
where | Det(~v)〉 does not depend on ~v oiniding with
the initial Slater determinant | (1s)4〉. Hene,
F1s(~v,~s) = 〈(1s)4 | Cˆ†Eˆ†1(−~s)Eˆ1(~s)Cˆ | (1s)4〉. (35)
In other words, under suh a simpliation the funtion
F (~v,~s) in integral (9) beomes independent of ~λ and we
get
U(q) = U1s(q)
∫
exp
(
−r
2
0λ
2
4A
)
d~λ,
so that
U1s(q)
U1s(0)
=
〈(1s)4 | Cˆ†Eˆ†1(−ı r0√2~q)Eˆ1(ı
r0√
2
~q)Cˆ | (1s)4〉
〈(1s)4 | Cˆ†Cˆ | (1s)4〉 .
(36)
Thus, the FF of interest is
FEST (q) = FTB(q)FIPM (q)Fcorr(q), (37)
where aording to eq.(A.1) we have the Tassie-Barker
FTB(q) and the HOM FF FHOM (q). The fator
Fcorr(q) =
〈(1s)4 | Cˆ†Eˆ†1(−ı r0√2~q)Eˆ1(ı
r0√
2
~q)Cˆ | (1s)4〉
〈(1s)4 | Cˆ†Cˆ | (1s)4〉
(38)
inorporates the SRC in any way.
At this point, one an proeed, at least, along the
two guidelines. One of them ould be based upon the
representation
〈(1s)4 | Cˆ†Eˆ†1(−ı
r0√
2
~q)Eˆ1(ı
r0√
2
~q)Cˆ | (1s)4〉 =
= 〈(1s)4 | Cˆ†1(−~q)Cˆ1(~q) | (1s)4〉, (39)
where
Cˆ1(~q) = Eˆ1(ı
r0√
2
~q)Cˆ(~ˆr1, ~ˆp1, · · · )Eˆ−11 (ı
r0√
2
~q) =
= C
(
~ˆr1 + ı
~q
2
r20 , ~ˆp1 +
~q
2
, . . .
)
. (40)
Other ontinuation is prompted by the relation
Eˆ†1(−ı
r0√
2
~q )Eˆ1(ı
r0√
2
~q ) = exp
(
r20q
2
4
)
exp(ı~q ~ˆr1),
that gives rise to
Fcorr(q) = exp
(
r20q
2
4
)
FC(q), (41)
FC(q) =
〈(1s)4 | Cˆ† exp(ı~q~ˆr1)Cˆ | (1s)4〉
〈(1s)4 | Cˆ†Cˆ | (1s)4〉 , (42)
where FC(q) is the no CM orreted FF with the orre-
lated g.s. Cˆ | (1s)4〉.
Analogously, we nd
N(x) = NTB(x)NHOM (x)Ncorr(x) (43)
with the own Tassie-Barker fator
NTB(x) = exp
(
p20 x
2
4A
)
(44)
and
NHOM (x) = exp
(
−p
2
0 x
2
4
)
, (45)
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Ncorr(x) =
〈(1s)4 | Cˆ†Eˆ†1( p0√2~x)Eˆ1(−
p0√
2
~x)Cˆ | (1s)4〉
〈(1s)4 | Cˆ†Cˆ | (1s)4〉 .
(46)
Again, dierent ontinuations are possible (f. the
transition from eq. (38) to eqs. (39) and (41)). In parti-
ular, with the help of
Eˆ†1(
p0√
2
~x)Eˆ1(− p0√
2
~x) = exp
(
p20 x
2
4
)
exp
(
ı~ˆp1~x
)
we get
Ncorr(x) = exp
(
p20 x
2
4
)
NC(x), (47)
NC(x) =
〈(1s)4 | Cˆ† exp(ı~ˆp1~x)Cˆ | (1s)4〉
〈(1s)4 | Cˆ†Cˆ | (1s)4〉 . (48)
The Fourier transform
ηC(p) =
1
(2π)3
∫
e−ı~p~xNC(x)d~x (49)
gives us the one-body momentum distribution (OBMD)
without the CM orretion of the model g.s. Cˆ | (1s)4〉.
By denition, the intrinsi DD is
ρint(r) =
1
(2π)3
∫
e−ı~q~rFint(q)d~q =
= 〈Φint | δ(~ˆr1 − ~ˆR− ~r) | Φint〉, (50)
so that the relations
ρEST (r) =
1
(2π)3
∫
e−ı~q~rFEST (q)d~q
and
ρC(r) =
1
(2π)3
∫
e−ı~q~rFC(q)d~q
are, respetively, the one-body density distribution (OB-
DD) with the CM orretion and the no CM orreted
distribution.
Thus, we have shown (with the help of purely alge-
brai means) that evaluation of the distributions an be
redued to the well-known treatment. Indeed, expeta-
tions values (42) and (48) our in all onventional al-
ulations with the many-partile WF (20), i.e., without
any CM orretion. Diverse methods have been elaborat-
ed when evaluating similar quantities (see, e.g., [6℄, [8℄,
[30℄, [31℄, [32℄, [33℄, [34℄, [35℄ and refs. therein). In this
work we onne ourselves to omparatively simple om-
putations for a (1s)4 onguration, where a short-range
repulsion between nuleons is introdued in an eetive
way, viz., modifying the s.p. orbital as in [10℄. Respe-
tively, the following WF is used in the next setion.
3. Analyti expressions for the form fator,
density and momentum distributions with
the single-partile wave funtion beyond
HOM
In aordane with [10℄ we employ the normalized Rad-
hakant, Khadkikar and Banerjee (RKB) radial orbital
for the lowest s.p. state of
4He,
φRKB(r) =
1√
1 + β2
(φ00(r) + βφ10(r)), (51)
where φ00 and φ10 are the normalized HO radial eigen-
funtions:
φ00(r) = 2
√
1√
πbH
r
bH
exp
(
− r
2
2b2H
)
, (52)
φ10(r) =
√
3!√
πbH
r
bH
[
1− 2
3
r2
b2H
]
exp
(
− r
2
2b2H
)
(53)
for the states with n = 0, l = 0 and n = 1, l = 0, respe-
tively. Here bH is the HO parameter and β is a mixing
parameter.
The RKB WF allows one to obtain the following ex-
pressions for the density distribution (normalized to uni-
ty), for the point proton FF as well as for the MD (also
normalized to unity):
ρRKBsp (r) =
1
(
√
πbH)3(1 + β2)
exp
(
− r
2
b2H
)
×
6
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×
[
1 +
√
3
2
β
(
1− 2r
2
3b2H
)]2
, (54)
FRKBsp (q) =
1
1 + β2
exp
(
− (bHq)
2
4
)
×
×
[
1 + β2 +
β√
6
(
1−
√
2
3
β
)
b2Hq
2 +
β2b4Hq
4
24
]
, (55)
ηRKBsp (p) =
b3H
π
√
π(1 + β2)
exp(−b2Hp2)×
×
[
1−
√
3
2
β
(
1− 2
3
b2Hp
2
)]2
. (56)
3.1 The CM orreted form fator F (q) and its
redution to quadratures
Assuming a Slater determinant as the g.s. (1s)4 of 4He
its FF in the xed-CM approximation an be written in
the form (f. [10℄):
FEST (q) =
∫
F1s(|~q + ~u|)F 31s(u)d~u∫
F 41s(u)d~u
, (57)
where
F1s(v) ≡
∫
ei~v~rφ21s(r)d~r =
4π
v
∫
φ21s(r) sin vr rdr
is the no CM-orreted FF.
In ase of the RKBlike s.p. WFs whose orbitals are
trunated expansions in the radial HO eigenfuntions the
multiple integrals in the r.h.s. of eq.(63) an be expressed
through simple integrals. The respetive algebrai teh-
nique has been developed in ref. [12℄ and exposed reent-
ly in [37℄ (see also Appendix A to the present paper). Its
appliation with the RKB orbital enables us to get
FRKB(q) =
ARKB(q)
ARKB(0)
, (58)
where
ARKB(q) = I1(q) + I2(q),
I1(q) =
4π
qb4H
exp
(
− 3
16
q2b2H
)
×
×
∞∫
0
{B2
[
1
4
(t− 3
4
qbH)
2
]
M32
[
1
4
(t+
1
4
qbH)
2
]
−
−B2
[
1
4
(t+
3
4
qbH)
2
]
M32
[
1
4
(t− 1
4
qbH)
2
]
} exp(−t2)tdt,
I2(q) =
π
b3H
exp
(
− 3
16
q2b2H
)
×
×
∞∫
0
{B2
[
1
4
(t− 3
4
qbH)
2
]
M32
[
1
4
(t+
1
4
qbH)
2
]
+
+B2
[
1
4
(t+
3
4
qbH)
2
]
M32
[
1
4
(t− 1
4
qbH)
2
]
} exp(−t2)dt,
ARKB(0) =
4π
b3H
∞∫
0
M42
[
1
4
t2
]
exp(−t2)t2dt.
The funtions M2(z) and B2(z) are seond degree poly-
nomials of the variable z
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1
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F(
q2
)
 RKB+CMM
 Frosch et al.
 
 
q2 (fm-2 )
F c
h(
q2
)
Fig.1. The point-like FF (left) and the harge FF (right) of
4He.
Curves alulated with RKB WF using the EST presription (sol-
id) and without the CM-orretion (dashed); experimental points
from [39℄. Other lariations in the text
M2(z) = m0 +m1z +m2z
2
B2(z) = h0 + h1z + h2z
2,
where the onstants are related to the mixing parameter
β
m0 = 1 + β
2,
m1 = 2
√
2/3β(1 −
√
2/3β),
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m2 = (2/3)β
2,
and
h0 = m0 +m1 + 2m2,
h1 = m1 + 2m2,
h2 = m2.
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 MORITA et al.
 f
m
-3
  
r (fm)
Fig.2. The one-body density distribution (OBDD) for (1s)4 ong-
uration with RKB orbital in the xed-CM approximation (solid)
and without the CM orretion (dashed). For two sets of parame-
ters: bH = 0.8532 fm and β = −0.4738 (top); bH = 0.8532 fm and
β = 0 (bottom). Dot-dashed with the parametrization from [41℄
3.2 The CM orreted momentum distribution
η(p) and its redution to quadratures
In parallel, starting from eq.(16), we obtain for the (1s)4
onguration with the Slater determinant | Φ〉 =| (1s)4〉
(see Appendix B to Let.I in [37℄):
NEST (x) =
∫
d~k 〈1s | exp
(
ı
~k~ˆr
A
)
exp
(
ı
A− 1
A
~ˆp~x
)
| 1s〉×
×〈1s | exp
(
ı
~k~ˆr
A
)
exp
(
−ı ~ˆp~x
A
)
| 1s〉3. (59)
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0,0
0,2
0,4
0,6
0,8
1,0
1,2
0,0 0,5 1,0 1,5 2,0 2,5
0,0
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fm
3
Fig.3. The one-body momentum distribution (OBMD) for the
(1s)4 onguration with RKB orbital. Dierene between the
urves is the same as in g. 2. Dot-dashed with parametrization
from [42℄
Again, using the representation (5) and splitting the
exponents involved in eq.(67) with the suesive normal
ordering of the operators ~ˆa † and ~ˆa (the former are to
the left from the latter), one an show that
N(x)RKB
N(0)RKB
= exp
(
−A− 1
A
x2
4b2H
)
J(x)
J(0)
, (60)
where the integral J(x) is determined by
J(x) =
∞∫
0
exp
(
−r
2
0λ
2
4A
)
g(λ2;x2)λ2dλ,
g(λ2;x2) =
(
A1 +
1
3
A2
)
B31 +
(
A1 +
3
5
A2
)
B21B2+
+3
(
1
5
A1 +
1
7
A2
)
B1B
2
2 +
(
1
7
A1 +
1
9
A2
)
B32 ,
A1 = 1 + β
2 −
√
2
3
β
[
1 +
√
2
3
β
](
A− 1
A
)2
p20x
2
2
+
+
√
2
3
β
[
1−
√
2
3
β
]
r20λ
2
2A2
+
+
1
6
β2
[(
A− 1
A
)2
p20x
2
2
− r
2
0λ
2
2A2
]2
,
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A2 =
1
6
β2
(
A− 1
A
)2
x2λ2
A2
,
B1 = 1 + β
2 −
√
2
3
β
[
1 +
√
2
3
β
]
p20x
2
2A2
+
+
√
2
3
β
[
1−
√
2
3
β
]
r20λ
2
2A2
+
1
6
β2
[
p20x
2
2A2
− r
2
0λ
2
2A2
]2
,
B2 =
1
6
β2
x2λ2
A4
Thus, the struture funtion NRKB(x) an be redued
to one-dimensional integrals similar to those derived for
FRKB(q). Here A = 4, but we allow A to be hangeable,
partiularly, in order to hek that the orresponding
distribution
ηRKBEST (p) =
1
2π2p
∞∫
0
NRKB(x)/NRKB(0) sin(px)xdx
to the limit A → ∞ yields the no CM orreted distri-
bution (62).
4. Results and disussion
Analyti expressions obtained in set.2 for the density
and momentum distributions and their Fourier trans-
forms are suiently general to be applied in dierent
translationally invariant treatments with the SRC in-
luded. The orresponding formulae derived in set.3 in
ase of the
4He nuleus have been employed to arry out
our alulations beyond the simple HOM. Their numer-
ial results are displayed in gs.1-4.
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1E-6
1E-5
1E-4
1E-3
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0,1
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 RKB
 MORITA et al.
 Ciofi degli Atti et al.
 
 
fm
3
p (fm-1)
Fig.4. Variations log ηRKB
EST
(p) (solid), log ηRKBsp (p) (dashed) and
log ηMorita(p) (dot-dashed) with p. Notation log ηMorita(p) =
`
4
3
´3
WSN( 4
3
p), where funtion WSN (x) alulated with a onve-
nient parametrization from [42℄. Points are resulted from [24℄
In g. 1 we show our alulation of the harge FF,
Fch(q
2) = fp(q)F (q) of the alpha partile, using eq.(55)
and eq.(58) and onsidering for the nite proton size fa-
tor fp(q) the Chandra and Sauer presription [40℄. The
two parameters bH and β have been determined by the
least-square tting to the experimental values [39℄: their
best-t values are bH = 0.8532 fm and β = −0.4738
(χ2 ≃ 13.07). These values have been utilized in our
alulations shown in gs. 2-4.
As it is seen in g.1 (its left part), the CM or-
retion leads to a onsiderable qualitative hange of q-
dependene of the FF: its rst minimum and seond
maximum are shifted towards higher q-values. This dif-
ferene between solid and dashed urves is due to the
dierent behavior of the respetive densities at small dis-
tanes r ≤ 1 fm: see g. 2, top, where the dashed urve
is ρRKBsp (r) by eq.(54), while the solid is determined by
ρRKB(r) =
1
2π2r
∞∫
0
FRKB(q) sin(qr)qdq. (61)
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Moreover, we see that eah of the distributions (for the
simple HOM orbital on the bottom and for the RKB
orbital on the top), after being CM orreted, inreases
in its entral but dereases in its peripheral region. One
may say that we enounter a spei eet of shrinking
the OBDD owing to the translationally invariant treat-
ment.
In addition, there is a entral depression of the den-
sity distribution (f. the upper and lower dashed lines in
g.2). Suh a hange is not unexpeted sine the RKB
WF represents a simple way to allow for some of the
eets of short-range repulsion between the nuleons in
4He. These numerial results get an expliit onrma-
tion if one writes
ρRKBsp (0) =
1
(
√
πbH)3
1
1 + β2
(
1 +
√
3
2
β
)2
. (62)
Evidently, the inequality
ρRKBsp (0) ≤ ρRKBsp (0) |β=0 ≡ ρHOM (0) =
1
(
√
πbH)3
takes plae for negative β values with | β |< 2√6.
In parallel, we show in g. 3 that the orresponding
hange of the OBMD has muh in ommon with that for
the OBDD, viz., the distribution ηRKBEST (p) turns out to
be shrunk in the above sense relative to the distribution
ηRKBsp (p). Thus, we see a simultaneous shrinking of the
density distribution ρ(r) and the momentum distribu-
tion η(p). As has been shown in [12℄ (see also [14℄), suh
a simultaneous hange of these distributions plays a sub-
stantial role in getting a fair treatment of the data on
the elasti and inelasti eletron sattering of
4He. Let
us reall that there the harge FF and the dynami FF
of
4He were alulated using one and the same HOM
WF, orreted both with the xed-CM approximation
and the Peierls-Yooz presription [44℄.
Regarding the properties of these simultaneously or-
reted distributions in detail, we would like to emphasize
a pratial onsequene of their interpretation. This as-
pet beomes espeially transparent in the ase of the
simple HOM (1s)4 onguration, where we have
ρHOMEST (r) = [
√
πr¯0]
−3 exp(−r2/r¯20)
vs
ρHOMsp (r) = [
√
πr0]
−3 exp(−r2/r20)
and
ηHOMEST (p) = [
√
πp¯0]
−3 exp(−p2/p¯20)
vs
ηHOMsp (p) = [
√
πp0]
−3 exp(−p2/p20)
Thus, the inlusion of CM orretions gives rise to the
two independent renormalizations, r0 ≡ bH → r¯0 =√
3/4r0 and p0 ≡ bH−1 → p¯0 =
√
3/4p0, of the osil-
latory parameter values, r0 and p0 (f. [12℄). Evidently,
suh hanges are not equivalent to a hasty replaement
of p0 by
√
4/3p0 if one follows the Tassie-Barker reipe
with bH →
√
3/4bH only.
Now, following the onventional way of determining
the HOM parameter r0, as in ref. [12℄, we will use the
expansions
Fch(q
2) = 1− 1
6
q2r2ch + · · · ,
fp(q) = 1− 1
6
q2r2p + · · ·
and
F (q) = 1− 1
6
q2r2rms + · · · ,
where we have in HOM
r2rms =
3
2
r20 ,
so that
r2ch =
3
2
r20 + r
2
p,
whene
r20 ≡ r2exp =
2
3
[
r2ch − r2p
]
. (63)
Doing so for the CM orreted quantities we nd the
similar relation
r¯20 =
2
3
[
r2ch − r2p
]
= r2exp (64)
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with the idential q-dependene FHOMEST (q) =
FHOM (q) = exp(−q2r2exp/4). At the same time the dif-
ferene between the respetive OBMDs beomes more
onsiderable than after the substitution r0 →
√
A
A−1rexp
in ηHOMsp (p) =
r3
0
π3/2
exp(−p2r20) that gives
ηHOMsp (p) =
(
A
A− 1
)3/2 r3exp
π3/2
×
× exp
[
− A
A− 1p
2r2exp
]
vs
ηHOMsp (p) =
r3exp
π3/2
exp(−p2r2exp).
Under the simultaneous CM orretion of the OBDD and
OBMD we have
ηHOMEST (p) =
(
A
A− 1
)3 r3exp
π3/2
×
× exp
[
−
(
A
A− 1
)2
p2r2exp
]
(65)
vs
ηHOMsp (p) =
r3exp
π3/2
exp(−p2r2exp), (66)
that is equivalent to the substitution r0 → AA−1rexp in
ηHOMsp (p) =
r3
0
π3/2
exp(−p2r20).
Note also that the produt r¯0p¯0 = 1−A−1 6= 1, unlike
the relation r0p0 = 1. In this onnetion, following [19℄
let us remind the ommutation rules for intrinsi oordi-
nate ~r ′ = ~r− ~R and onjugate momenta ~p ′ = ~p− ~P/A
[~r ′l, ~p
′
j ] = iδl,j(1 − 1/A), (l, j = 1, 2, 3) (67)
One an show that the orresponding unertainty prini-
ple is related to the deviation from unity. Thus, the un-
ertainty priniple does not ontradit the simultaneous
shrinking of the density and momentum distributions
(see also [37℄, Let.I, Suppl. C)
In ase of the RKB funtion we get
r2rms =
3
2
r20 −
β
√
6
1 + β2
(
1−
√
2
3
β
)
r20 . (68)
It means that the short-range repulsion involved in the
WF with a negative β leads to some inreasing the rms
radius, viz., rRKBrms > r
HOM
rms . For the values bH = 0.8532
fm and β = −0.4738 the formula (68) yields rRKBrms =
1.429 fm, so that the orresponding harge radius is
equal to rRKBch = 1.667 fm. Here we employ the harge
proton radius rp = 0.86 fm (see, for example, Appendix
7 in [43℄).
The CM orretion gives an opposite eet. Indeed,
after some alulation we nd that rESTrms = 1.309 fm for
the same bH = 0.8532 fm and β = −0.4738. From this
it follows that rESTch = 1.566 fm.
The variation of log ηRKBEST and of log η
RKB
sp with p is
depited in g.4 for a wider range of momenta. It is seen
from g.4 that the allowane of the CM motion improves
the desription of the available data on the OBMD of
the alpha partile. It is further seen from g.4 that in
the translationally invariant quantity aording to the
xed-CM presription the "seagull" behavior appearing
in the variation of the orresponding s.p. one beomes
somewhat less pronouned. The dip is diminished and it
moves to smaller values of momentum.
Finally, we would like to point out in onnetion to
the omparison with the s.p. distributions that the CM
orreted OBDD and OBMD beome loser to the or-
responding mirosopi ones by using their onvenient
parametrizations from [41℄ and [42℄, as one an see in
gs.3 and 4. Aording to the ommuniation [42℄ one
has to introdue the fator (2π)−3 to reprodue the
momentum distribution ηMorita(p) whih is one of the
signiant results obtained by the Sapporo group. At
this point, let us reall that these authors employed the
so-alled ATMS-method, where ATMS is abbreviation
"Amalgamation of Two-body orrelations into Multiple
Sattering proess", to onstrut the variational WF of
the
4He nuleus (see [21℄ and refs. therein). Along the
variational approah a onsiderable progress was made
when inluding more dynamis of the realisti nuleon-
nuleon interation suh as the eet of its tensor om-
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ponent (f. [22℄).
5. Conluding remarks
We have seen how the approah exposed in [9℄ an be
extended to the translationally invariant evaluation of
the density and momentum distributions in nulei. The
present analysis shows that the restoration of transla-
tional invariane in the Slater determinant WF of
4He
by means of the xed-CM orretion (the EST presrip-
tion) gives rise as a whole to essential hanges in the
r-, p- and q-dependenes of the OBDD ρ(r), the OBMD
η(p) and the harge FF Fch(q), respetively. We have
seen that the orrelation between nuleons indued by
the xation of the enter-of-mass of the nuleus results
in the simultaneous shrinking of ρ(r) and η(p). Mean-
while, this eet has been revealed here beyond the pure
HOM extending the available experiene.
Also, this study demonstrates the relative impor-
tane of the CM and SRC orretions for the same nu-
leus, viz., the shrinking of the density and momentum
distributions owing to the use of translationally invari-
ant g.s. wave funtions of
4He vs their broadening af-
ter the inlusion of short-range repulsion in these wave
funtions at small distanes r < 1 fm. It is true that
the latter has been introdued in our alulations in
a simple manner. Nevertheless, there are all reasons to
believe that the algebrai method employed here might
be helpful within more sophistiated approahes, where
the short-range orrelations are taking into aount via
the Jastrow fator or other orrelation operator (see,
e.g. [31℄). At present, the orresponding appliations are
in progress both for the
4He and 16O nulei.
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Appendix A
Some details of alulations beyond HOM
Here we want to illustrate a onvenient method for
evaluation of the expetations in question being aimed at
some general (model-independent) results (f. [9℄, [19℄).
First of all, we have by reurring the Cartesian rep-
resentation:
exp
[
ı~q (~ˆr1 − ~ˆR)
]
=
= exp
[
ı~q
(
A− 1
A
)
~ˆr1
]
exp
[
−ı~q ~ˆr2
A
]
· · · =
= FTB(q) FHOM (q)×
× exp
[
ı~q
(
A− 1
A
)
r0√
2
~ˆa†1
]
×
× exp
[
ı~q
(
A− 1
A
)
r0√
2
~ˆa1
]
×
× exp
[
−ı~q r0√
2A
~ˆa†2
]
exp
[
−ı~q r0√
2A
~ˆa2
]
. . . , (A.1)
FTB(q) = exp(
r2
0
q2
4A ), FHOM (q) = exp(−
r2
0
q2
4 ), where
the index α at ~ˆaα(~ˆa
†
α) is the individual partile number
(α = 1, · · · , A).
Thereat, the Tassie-Barker fator FTB(q) appears au-
tomatially due to a spei struture of the operators
involved. In other words, its appearane is independent
of any nulear properties (in general, properties of a -
nite system). The only mathematial tool that has been
used is the Baker-Hausdor relation:
eA+B = eA eB e−
1
2
[A,B], (A.2)
that is valid with arbitrary operators Aˆ and Bˆ for whih
the ommutator
[
Aˆ, Bˆ
]
ommutes with eah of them.
Further, applying eq.(A.2) in ombination with
(2π)
3
δ
(
~ˆR
)
=
∫
exp
(
ı~λ ~ˆR
)
d~λ, (A.3)
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one an show that the expetation value A(q) in eq. (4)
and the expetation value N(x) in eq. (16) are expressed
through one and the same funtion F (~x, ~y) that depends,
respetively, on the arguments ~x = ~v, ~y = ~s (as in eq.(9))
and ~x = ~v′, ~y = ~s′ (as in eq.(18)). In other words, we
have onstruted the ommon generating funtion for
eah of them. One should stress that this result has been
obtained independently of the model WF Φ.
The algebrai tehnique shown here turns out to be
useful for pratial alulations with the Slater deter-
minants like | Φ〉 (see [18℄) or the Slater determinants
modied by dierent orrelators (for instane, the Jas-
trow fator).
In the simplest ase of the independent partile mod-
el (IPM) (1s)4 onguration for 4He with the Slater de-
terminant | Φ〉 =| (1s)4〉 we get omitting the nonessential
fator [A!]−1,
AIPM (q) = exp
[
− r¯
2
0q
2
4
]
U IPM (q), (A.4)
U IPM (q) =
∫
d~λ exp
[
−r
2
0λ
2
4A
]
f(~λ, ~q ), (A.5)
f(~λ, ~q) = 〈1s | exp (−~α∗~ˆa†) exp (~α ~ˆa) | 1s〉×
×〈1s | exp(−~β∗~ˆa†) exp (~β~a) | 1s〉3, (A.6)
~α = ı
r0√
2A
[~λ+ (A− 1)~q], ~β = ı r0√
2A
[~λ− ~q],
with the renormalized "length"parameter
r¯0 =
√
A− 1
A
r0
In our ase r0 = bH . We are keeping the notations with
a mass number A (= 4) to point out ertain trend in the
A-dependene.
At this point, let us note that the RKB orbital (or an-
other model orbital) being omposed of the basis states
of the spherial representation an be written then as a
superposition of the basis states | n1n2n3〉 of the Carte-
sian representation (see, e.g., the monograph [38℄ and
refs. therein),
| n1n2n3〉 = 1√
n1!n2!n3!
(~ˆa †1 )
n1(~ˆa †2 )
n2(~ˆa †3 )
n3 | 0〉,
(A.7)
where the vetor | 0〉 ≡| 000〉 is the vauum state with
respet to the destrution operators aˆi (i = 1, 2, 3), e.g.,
~ˆa | 0〉 = 0. (A.8)
It is proved that for the RKB-orbital,
| 1s〉 = [1 + β2]−1/2[1− (β/
√
6) ~ˆa †~ˆa † ] | 0〉. (A.9)
Substituting (A.9) into (A.6) (when alulating the ratio
AIPM (q)/AIPM (0), the normalization fator [1+β2]−1/2
an be omitted) we nd
exp (~χ · ~a) | 1s〉 = [1− (β/
√
6)(~ˆa † + ~χ)(~ˆa † + ~χ)] | 0〉
(A.10)
for any omplex vetor ~χ.
Now, after modest eort we obtain
〈1s | exp (−~χ ∗ · ~ˆa †) exp (~χ · ~ˆa) | 1s〉 =
= 1 + β2 − 2
3
β2~χ ∗~χ−
− β√
6
[~χ ∗~χ ∗ + ~χ ~χ ] +
β2
6
(~χ ∗~χ ∗)(~χ ~χ) (A.11)
From (A.11) it follows, for instane,
〈1s | exp (ı~α∗~ˆa †) exp (ı~α~ˆa) | 1s〉 = M2
(
~α∗~α
2
)
, (A.12)
where the polynomial M2(z) is given at the end of sub-
set. 3.1.
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